Relations between structure, antioxidant capacity and formal redox potentials (E°') of six flavonoids dissolved in acetonitrile were studied by cyclic voltammetry and square wave voltammetry using a glassy carbon electrode. This work shows correlation between the electrochemical parameter E°' and the number of hydroxyl groups present in the B ring of flavonoids. Besides, it has been observed that E°' measured as a function of B ring oxidation depends considerably on the functional groups present in the ring C of these molecules. Since antioxidant activity of flavonoids is attributed to their proton-donating, the results of this work were compared to previous reports regarding the antioxidant capacity of these compounds. Even though the antioxidant activity of flavonoids depends on several factors, the conclusions of this investigation suggest that the E°' value should be considered as a key parameter for the evaluation of antioxidant activity.
Introduction
Flavonoids are a group of polyphenolic compounds ubiquitously found in the plant kingdom, with over 8,000 molecules known to date (1) . Their basic structure is the flavan nucleus, which is shown in Figure 1 . It essentially consists of 15 carbon atoms arranged in three rings (C 6 -C 3 -C 6 ), labeled as A, B, or C respectively (2) . The great number of different flavonoid compounds is organized in classes that differ between them in the level of oxidation and pattern of substitution of the C ring. Moreover, individual differences within a class result from the variation in number and arrangement of the hydroxyl groups present in the A and B rings. Table I ). These three classes of flavonoids are not only the most frequently found in nature, but also can be found in considerable amounts within several fruits and flowers (3, 4) . They are part of 
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Catechin 2 the human diet and several biological activities such as anti-inflammatory, antiallergic, antihepatotoxic and anticancer (5) have been ascribed to these molecules.
The ability of flavonoids to act as therapeutic agents is attributed to both their antioxidant and metal chelating properties, which are strictly related to the chemical structure of these compounds. Because they feature several unsaturations and hydroxyl groups, they can participate as reducing agents during redox reactions. These compounds are actually capable of accepting unpaired electrons from free radicals or metal ions and stabilizing them on their structure, for later termination of the chain reaction as dismutation, deprotonation or other coupled reactions (6) . At present time, scientists count on a variety of protocols to evaluate the antioxidant activity of these molecules. Direct methods study the electronic features of flavonoids as function of pH, analyte concentration or other variables, like the DPPH method (2,2-diphenyl-1-picrylhydrazyl) (7) . Indirect ones measure their radical scavenge power, like the ORAC test (Oxygen-Radical Absorbance Capacity) (8) . However, the information obtained from any of these methods is usually ambiguous or not reproducible under different experimental conditions. Thus, it is compelling to propose and review new methodologies that could generate useful chemical data for an absolute determination of the antioxidant activity of these substances (9) .
Several groups have focused their efforts to find functional relations between the chemical reactivity of flavonoids and the substituent effect existing in their structure (10) . Amid them, some present evidence to conclude that the electrochemical parameters are good indicators of the antioxidant capacity of these molecules (11, 12) . Since the reduction of a free radical by a flavonoid implies an electrochemical reaction, the driving force for this process depends on the reduction potential of the flavonoid from which direct kinetic or thermodynamic information can be derived. The scheme below shows the general half-cell reaction considered:
Motivated by the possibility of generating an absolute antioxidant activity scale, the present work reports the electrochemical study of eight flavonoids by cyclic and square wave voltammetry techniques. As seen in Table I , the structure of the compounds differ among them in the level of oxidation and pattern of substitution on their B and C rings. Our results suggest that these structural differences have a direct effect over the formal redox potential of flavonoids, and in the number of observed processes during the voltammetric analysis. This is the first study that compares the electrochemical properties of different flavonoids dissolved in an aprotic solvent.
Experimental Procedure
Flavonoids, Solvent and Supporting Electrolyte
In the present work the formal redox potentials E°' of the first oxidation process of quercetin, kaempferol, myricetin, pelargonidin chloride, delphinidin chloride, cyanidin chloride, delphinidine-3O-glucoside, flavone and catechin were measured. All molecules were acquired from Sigma Aldrich (HPLC grade) and used without additional purification. The anhydrous acetonitrile (CH 3 CN, Sigma Aldrich, 99.8%) was dried with phosphorous pentoxide and distilled prior to each experiment. The supporting electrolyte selected was tetraethylammonium tetrafluoroborate (Sigma Aldrich, electrochemical grade, TFBTEA). All solutions of supporting electrolyte were prepared to a 0.1M concentration.
Electrochemical Analysis
Cyclic and square wave voltammetries were performed using a potentiostat/galvanostat (PAR-M273A). The ohmic drop, iR u , was corrected during all experiments through Positive Feedback, finding a value of ca. 210 for all experiments. A cell with a three-electrode array was employed, using the cross section of a glassy carbon rod with a geometric area of 7.8×10 -3 cm 2 as the working electrode. The working electrode was polished with 0.01µm basic alumina suspension (AP-D Suspension, Struers) and washed with acetone. The polishing process was performed prior to each experiment. A platinum mesh welded to a platinum wire was used as counter electrode (surface area: ca. 1 cm 2 ). The formal potential values were obtained against a pseudoreference platinum electrode, and they are reported in this document as a function of the internal reference ferrocinium/ferrocene (Fc + /Fc), in accordance with the recommendations of the IUPAC (13).
The voltammetric experiments were carried out as follows: 0.5mM solutions of flavonoids and 0.1mM of ferrocene were prepared with a supporting electrolyte solution 0.1M of TFBTEA in acetonitrile. Cyclic and square wave voltammetric experiments were performed with these solutions, from which the anodic and formal redox potentials of each molecule were obtained.
Results and Discussion
Source of Electrochemical Signals
The first step in the present work was to clearly identify the source of electrochemical signals obtained during voltammetric analysis of flavonoids. For that purpose, we compared the voltammetric response of flavone with that of kaempferol, shown in Figure  2 . These two molecules differ from each other in that flavone does not have any hydroxyl substituents on its structure, while kaempferol has four. Just as expected, only the voltammograms of kaempferol presented signals between 150 mV and 1050mV vs. Fc + /Fc, therefore suggesting those signals originated from the oxidation of the hydroxyl groups present in the structure of this compound. On the other hand, the anodic peak observed in the cyclic voltammogram of flavone at 1343±7mV was probably generated by the oxidation of the C ring of that flavonoid.
Although signals found in the 150-1050mV range are related to the oxidation of the hydroxyl moieties of kaempferol, they do not forcedly correspond to the oxidation of each one of these moieties in a sequential order. Specifically for the case of a glassy carbon working electrode, which is a very reactive surface, several coupled reactions might occur during the voltage scan. (14) and Zeng et al. (2008) (15) have proposed with reliable electrochemical proofs that only the first observed process corresponds to the oxidation of the hydroxyl substituent present in the B ring of kaempferol. According to them, the second anodic signal could be related to the oxidation of a dimer instantly formed after the first oxidation reaction. , 29 (1) 349-359 (2010) After identifying the source of voltammetric signals, we checked for reversibility of the oxidation reactions of flavonoids. As it can be seen, cyclic voltammograms in Figure  2 do not show any reduction peaks during the reverse scan. This apparent non reversibility observed by cyclic voltammetry is due to the fact that flavonoids polymerize over the glassy carbon electrode. This "passivation" impedes the reduction reaction to occur, thus hiding the cathodic peak from the cyclic voltammogram. However, a symmetric peak can be observed in differential square wave voltammograms of kaempferol, suggesting the reversibility of the first anodic reaction. Since square wave voltammetry produces both positive and negative voltage pulses instantly, its differential result generates a symmetric peak as a product of the equally intense anodic and cathodic currents generated, as shown in Figure 2 (right side).
The well defined anodic peak of the first oxidation process of kaempferol observed by cyclic voltammetry and the symmetry of this peak observed by square wave analysis, along with the passivation of the working electrode are common characteristics of all flavonoids studied in this work. These similarities can be observed in Figures 2 and 3 .
Electrochemical Parameters of Flavonoids
In accordance with the discussion followed by Chen et al., this work only considered the first redox process of the B ring of each flavonoid to obtain its E°'. The formal redox potential was measured as the current peak of the first redox process observed in differential square wave voltammograms (second symmetric peak) and its value for anthocyanidins and flavonols is reported in Table I . Table I reveals a correlation between the number of hydroxyl substituents present in the B ring of flavonoids and the E°' value of these molecules. As the number of hydroxyl moieties increases, the formal redox potential decreases. This result suggests that the reducing character of flavonoids gets stronger while more hydroxyl groups are attached to their B ring, hence becoming better antioxidants from the electrochemical point of view. Figure 4 shows the correlation mentioned before. Figure 4 is that the slope of the curves is not the same. Since the only structural differences between these two classes of flavonoids are located in their C ring, there is a big probability that the substituents present in that ring affect the E°' measured as a function of oxidation of the B ring. Figure 5 shows that even if catechin, cyanidin and quercetin share the same chemical structure of their A and B rings, the structural differences of their C ring have an important effect over the formal redox potential measured as a function of B ring oxidation. This result confirms that the antioxidant activity of flavonoids does not depend only on the pattern of substitution of their B ring, but also is related to the functional groups present in the C ring of these compounds.
An important observation from
On the other side, theoretical studies developed by various research groups such as those published by Heijnen et al. (2001) (17) suggests that the hydroxyl group present in the position 3 of the flavonoid skeleton is the most acid one. Also, they affirm this substituent plays an important role in the generation of the antioxidant activity of flavonoids. In that sense, we evaluated the effect of mono-protecting the hydroxyl substituent present in the position 3 with glucose. The result of that experiment is seen in Figure 6 . The cyclic voltammogram of delphinidin-3O-glucoside does not present any current peak in the 150-1050mV range, fact that suggests displacement of the formal redox potential of delphinidin chloride to potential values not observable in the electrochemical window considered. This result confirms the importance of the effect that the pattern of substitution of the C ring of flavonoids can have over the formal redox potential measured for these compounds.
Antioxidant Activity vs Formal Redox Potential
Given that the formal redox potential of molecules dictate their chemical behavior during redox reactions, it seems correct to rank the analyzed flavonoids as a function of their formal redox potentials. Table II presents an antioxidant activity scale based on the values of the formal redox potentials measured in this work. Those potentials are compared with the TEAC index reported by Rice-Evans et al. for the same flavonoids. However, the decreasing order established by the electrochemical parameter E°' is not equal to that proposed by the TEAC index. A possible explanation to this issue is that the E°' value of flavonoids is directly related to the stability of the free radical created after reduction of reactive species occurs. Catechin, for example, does not stabilize radicals in the position 3 of its structure because it does not possess any unsaturations in its C ring. This fact is sufficient to displace its E°' to the most positive position of Table II . Moreover, cases like those of pelargonidin chloride and kaempferol behave similarly. The numeric difference between the formal redox potentials of these two compounds is dictated by the presence or absence of the oxo group in their C ring. So, the radical created over a kaempferol molecule is more stable that the one generated over a pelargonidin chloride molecule, thus the formal potential of kaempferol is smaller. Even though these conclusions doesn't seem to explain all the antioxidant activities exposed in Table II , they do offer an explanation of the order established by the E°' measured, which is a function of the stability of the generated aroxyl radicals.
Conclusions
The antioxidant activity of polyphenols comes from their structural features, from their electronic configuration and from the kinetics and thermodynamics that dictates their behavior during the redox reactions in which they participate in. The construction of tables to rank these compounds in order of their antioxidant power is a very complex work that requires the use of several chemical parameters. The results of the present work provide valuable information about the redox chemistry of the molecules studied and confirm an existent relationship between their structure and their electrochemical activity. Future works should consider these results as a starting point for the discussion of the antioxidant activity of polyphenols.
